The concentrations of potentially toxic metals (As, Cd, Cu, Hg, Pb, Zn and Fe) and the values of magnetic susceptibility in surface soils were measured along NW-SE gradient in Bratislava city (rural -urban -rural soils). The results indicate that both the contents of potentially toxic metals (PTMs) and the values of magnetic susceptibility decrease with increasing distance from the city centre in both directions. Urban soils are enriched mainly in Cu, Hg, Pb and Zn. Their elevated concentrations in soils within the city are due to accumulation from anthropogenic activities. There was a statistically significant and positive correlation between the mean values of Tomlinson pollution load index (PLI) and the mean values of magnetic susceptibility in soil samples. This correlation shows that the monitoring of magnetic properties of soils can be used as a rapid and non-destructive tool for the effective determination of environmental pollution in urbanized regions affected by anthropogenic activities.
INTRODUCTION
Potentially toxic metals (PTMs) are occurring commonly in soils but in general, their contents are increased in the urban environment due to anthropogenic activities. Two classes of anthropogenic sources of PTMs can be distinguished: (i) point sources that occur in the vicinity of pollution site, and (ii) diffuse sources, when PTMs are dispersed in the environment farther from pollution sources (ČURLÍK & JURKOVIČ 2012) . ZHU & CARREIRO (2004) documented that nitrogen mineralization and nitrification were significantly higher in urbanized regions than in rural regions, whereas total content of P was lower in urban soils than in rural soils. WAGROWSKI & HITES (1997) found that concentrations of polycyclic aromatic hydrocarbons (PAHs) in soils exhibited a strong dependence on the urban -rural gradient. Similar trends in PAH concentrations in soils were observed also by HILLER et al. (2015) . These changes are attributed to the traffic and industrial activities that are dependent on the urbanization level.
Elevated concentrations of PTMs in urban environments can represent an important input source to the human body through the inhalation of soil dust, and especially for children, through the soil ingestion or dermal contact with soil. Several PTMs have adverse health effects, mostly for children, because of their low body weight and developing nervous system (LJUNG et al. 2006) .
Measurements of magnetic susceptibility of surface soil horizons were successfully used for the mapping of anthropogenic pollution level in the vicinity of thermal power plants, cement factories or metallurgical plants (ĎURŽA 1999; PETROVSKÝ et al. 2000; YANG et al. 2012) . The mapping of magnetic properties at wide regional scale was performed for different regions in many countries, e.g. United Kingdom (BLUNDELL et al. 2009 ), Germany (SPITERI et al. 2005) and Argentina (CHAPARRO et al. 2008) . Soil magnetic measurements can be also used in studies of urban soils (SHILTON et al. 2005; LU et al. 2011) , surface sediments (BRANDAU & URBAT 2000; MILIČKA et al. 2002) or in soil investigations of paleo soils and loesses (ĎURŽA & DLAPA 2009; ORGEIRA et al. 2011) .
Previous research has shown that environmental magnetic methods can be used not only for the identification of pollution sources but also for the approximate determination and characterization of the pollution level in urban soils (SCHMIDT et al. 2005; SPITERI et al. 2005; D´EMILIO et al. 2007 ). Measurements of magnetic parameters were successfully used as a rapid method for the identification of sources of environmental pollution and the mapping of spatial and seasonal distribution of urban areas (PETROVSKÝ et al. 2000; MAHER et al. 2008) . MIKĽAJEV & KUDRJAVCEV (1982) recommended soil magnetic measurements to be used as a proxy method, which allows to identify regions with "elevated geochemical anomalies", to reduce considerably the volume of laboratory works and to change flexibly the mapping methodology. An advantage of the magnetic measurement for the identification of environmental pollution is that it is simple, rapid and non-destructive, allowing it to become controlling, monitoring and cheap tool for precise chemical analyses.
The main aim of this work was: (1) to determine the concentration of selected PTMs (As, Cd, Cu, Hg, Pb and Zn) and magnetic properties of surface soils collected from a depth of 0 -10 cm along NW-SE gradient in Bratislava city (rural -urban -rural soils) and (2) to provide scientific base for the pollution control and consecutive monitoring of urban soils for PTMs.
Soil magnetic susceptibility
The most magnetic horizon in a soil profile is the humus horizon, in which iron and other transition elements are in ferrimagnetic state (MIKĽAJEV & ŽOGOLEV 1990) . Almost all soils contain two strongly magnetic minerals: magnetite (including (titano)magnetites) and maghemite (including (titano)maghemites). Ferrimagnetic particles of iron oxides in ashes, forming during high-temperature combustion of fossil fuels, are the most important source of anthropogenic ferrimagnetic materials found in surface soil horizons (FLANDERS 1994) . In addition to magnetite, pyrite is the main source of ferrimagnetic materials in coal, where its content reaches up to 15 wt% of the total inorganic fraction present in bituminous coal (MAGIERA & STRZYSZCZ 2000) . Pyrite and other iron sulphides are oxidized during coal combustion. Sulphur is released in a gaseous phase, whereas iron is incorporated into ferrimagnetic minerals that are emitted to the atmosphere with other dust particles. Anthropogenic ferrimagnetic materials are transported as dust and aerosols to different distances, and finally deposited on the soil surface. Anthropogenic ferrimagnetic particles are characterized by specific morphology (mostly as spheres with the size ranging from unit m up to hundred m). Their content in ashes is relatively high (approximately 10 wt%) and magnetic measurements indicate high values of magnetic susceptibility.
The deposition of atmospheric particulates represents one of the most important contribution to the total environmental load of soils. In addition to gaseous phase, potentially toxic metals are adsorbed on solid particulates that consist mainly of blown soil particles and coal particles. According to PETROVSKÝ et al. (2000) , these particulates are generally higher than 5 μm but blown clayey particles have smaller dimensions. The mean size of atmospheric particulates ranges from 0.01 μm to 20 μm.
Urban soils
Urban soils are those that occur in urbanized, industrial, traffic, mining and military regions (SOBOCKÁ et al. 2007 ). Almost 85% of European population lives in urbanized regions. A typical environmental factor acting in urbanized regions is the higher level of pollution in cities than in ambient rural land. It is due to environmental pollution caused by emissions from traffic and industries, and wastes of industrial, municipal and construction origin.
Urban soils are important indicators of the urban environment and serve as a primary sink for chemical pollutants because anthropogenic PTMs and organic pollutants are normally deposited on the soil surface. The accumulation of pollutants in urban soils leads to degradation of soil quality and poses also a health risk for humans and ecosystems (CHEN 2007; ĎURŽA et al. 2013) .
Anthropic soils are predominant soil group (they cover 33.5% of the total area) in the region of Bratislava. Initial soils are the second important soil group (they cover 26%), among which fluvisols are the most abundant. Another soil groups in the region of Bratislava are molic soils (21%), occurring in plain parts of the Danubian Lowland, and brown soils (16%) with the predominant occurrence in the Malé Karpaty Mts. Rendzinas (2%) are found in a wider area of Devínska Kobyla and Záhorská Bystrica. Regarding the soil type, the most abundant are fluvisols (21.8%) and anthrosols (19.1%), followed by cambisols (16.3%), cultizems (14.4%) and chernozems (14.0%) (SOBOCKÁ et al. 2007 ).
Study area
Bratislava city is situated in SW Slovakia and covers three physico-geographical units (MAZÚR & LUKNIŠ 1980) : the Malé Karpaty Mts., the Záhorská and Danubian Lowlands. The climate of the Bratislava region is gently warm with mild winter and warm summer. The mean annual temperature is 10.3 °C. The annual precipitation varies between 500 and 650 mm, and north-western winds are prevailing (SOBOCKÁ et al. 2007 ). The total area of the city is 367.6 km 2 and almost 500,000
inhabitants live permanently in the city. Important sources of environmental pollution in Bratislava city are considered chemical, energetic, engineering, building and glassware industries, as well as municipal waste incinerator and traffic. Another significant source of atmospheric pollution in the city is secondary dust nuisance, which depends on the meteorological conditions, field and agricultural works and the type of surface (WWW.ENVIROPORTAL.SK). SOBOCKÁ et al. (2007) divided the soils of Bratislava city into ten regions. In this work, the investigated rural -urban -rural soil gradient along the city included six out of ten regions: the Záhorská Lowland, Devínska Kobyla, Malé Karpaty Mts. and its foothill, Karloveská priekopa, Podunajská rovina and built-up area.
Considerable part of the Záhorská Lowland is formed by Neogene sediments that are covered by quaternary sediments. The most widespread soil types are phaeozems, mainly cultizemic. They have the molic Amč-horizon with oxidation signs (aggregates, Fe and Mn nodules), however, without gleyic reduction horizon. Devínska Kobyla is formed by Mesozoic sedimentary complex, which consists of marls, dolomites, limestones and sandstones together with marlaceous limestones and schists. These rocks are parent substrate of rendzinas and pararendzinas that cover almost the whole protected region. Modal luvisols originated from loess occur also in some parts of Devínska Kobyla.
The soils of the Malé Karpaty Mts. come from crystalline rocks, mainly schists, diorites, pegmatites and granitic rocks of Bratislava's type. Modal cambisols are predominant soil types up to 500 metres above sea level. The soils have developed metamorphic cambic Bv-horizon formed by brunification process with the occurrence of metal oxyhydroxides. There are also subtypes of cambisols like stagno-gleyic and luvizemic cambisols in lower parts of the Malé Karpaty Mts.
River terraces of Karloveská priekopa towards the Mlynská dolina Valley are covered by quaternary aeolian sediments (sandy and loamy loesses). The residues of chernozems with the dark mollic A-horizon and carbonate content higher than 0.30 wt% can be found in the region.
Sarmatian-Pannonian Neogene sediments of the Podunajská rovina are covered by a complex of Pleistocene and Holocene fluvial sediments represented by sands, gravels, clays and sandstones with small calcareous and manganese aggregates. A large area of Bratislava city is occupied by elevated plain of the Danubian Lowland with no direct contact with groundwater table. Cultizemic chernozems are predominant soil group of the south-western and south-eastern parts of the region.
Built-up area of Bratislava city is characterized by soils strongly affected by anthropogenic activities. The soils are components of ornamental gardens, street alleys, recreational sites, child and school playgrounds, cemeteries, urban parks, etc. The main soil groups of built-up areas are cultizems and anthrosols. Cultizems are soils with strongly modified surface horizon (more than 30 cm) and the nature of these soils can be identified according to the residual native diagnostic horizon.
Soils of new built-up residential areas, historical centre, commercial or industrial zones are considered as anthrosols, i.e. the soils modified by human interventions with the anthrozemic Adhorizon, which was formed by transported anthropogenic materials of different origin. All subtypes of anthrosols may be found in Bratislava city but the most abundant is the initial anthrosol with 1 -10 cm thick Ad-horizon and organic carbon content of 0.30 wt% and more.
In this work, a NW-SE gradient along Bratislava city was investigated, with rural soils in NW part of the gradient, urban soils in central parts, and rural soils in SE part of the gradient. The following nine zones were selected ( Fig. 1) : -Zones I and IX (rural area) -zone I is situated on NW margin of Bratislava city, i.e. NW from Devínska Kobyla. It reaches the Záhorská nížina Lowland. Zone IX is on SE margin of the city and reaches the Danubian Lowland. The soils in both zones are agriculturally managed, and therefore less affected by anthropogenic factors. -Zones III, IV, VII and VIII (built-up area) -zones III and IV are situated NW from the city centre.
Zone III is Dúbravka and zone IV is Karlova Ves up to the Mlynská dolina Valley. Zones VII and VIII are located SE from the city centre. They are bordered by the Bajkalská Street and the Little Danube Channel, including Podunajské Biskupice. These zones are used mainly for housing and agricultural soils of the zones serve for gardening. The soils are relatively less impacted by anthropogenic activities. -Zone V (historical city centre) -this zone is characterized by high population density with more than 2000 years old history of settlement, industrial and commercial utilization, as well as by dense traffic. It is bordered by the Mlynská dolina Valley and the Štefánikova Street. -Zone VI (wider city centre) -the zone has 50-100 years old history of settlement, industrial and commercial utilization and suffers from dense traffic for the last fifteen years. This zone is bordered by the Štefánikova and Bajkalská Streets.
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-Zone II (vicinity of technical glassworks) -zone II is located close to technical glassworks (SZTS), where leaded glass was produced. All selected zones are approximately 3 km long, with the exception of zone II, which is shorter -vicinity of SZTS (Fig. 1) .
MATERIAL AND METHODS

Measurement of soil magnetic susceptibility
Firstly, plant cover of soil sampling sites (1x1 m) was cleared away, and then the sampling sites, if necessary, were adapted in a manner not to be free air space between the instrument and the soil surface, which could distort the measured values of soil magnetic susceptibility.
Magnetic susceptibility values were determined using a kappameter KT-5. The basic part of an instrument is 10 kHz oscillator inductively coupled with a flat exploring coil in a measuring part of the instrument. The frequency of oscillator is measured by coil placed at the distance higher than 30 cm from the soil surface (free space measuring) and by coil enclosed to the soil surface. The magnetic susceptibility is determined by microprocessor on the basis of difference between frequencies and numerically displayed. The objects at a distance of 30 cm from the instrument may affect the measured values. The measurement uncertainty is ±10%.
Soil sampling and laboratory analysis
Soil samples were collected along NW-SE gradient in Bratislava city from different parts of the city, representing rural soils in NW and SE margins of the gradient and urban soils in central part of the gradient. Totally, 57 soil samples were used in this work and the sampling sites are shown in Fig. 1 . After clearing the plant cover and measuring the magnetic susceptibility, approximately the first 10 cm of surface soil was taken. Four soil samples were collected from zone I, 5 soil samples from zone II, 6 soil samples from zone III, 3 soil samples from zone IV, 7 soil samples from zone V, 12 soil samples from zone VI, 9 soil samples from zone VII, 7 soil samples from zone VIII and there were 4 soil samples from zone IX.
Before analyses, the soil samples were dried at room temperature, gently disaggregated and passed through a 2 mm sieve. The soils samples were analysed for the occurrence of As, Cd, Cu, Fe, Pb and Zn after total digestion using an acid mixture of HNO 3 , HCl and HF. Only exception was Hg, which was determined directly on the solid samples using a Mercury Analyzer AMA 254. Concentrations of other metals and As in the extracts were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES; Vista AX, Varian) and atomic absorption spectrometry (AAS; Varian SpectrAA 220) equipped with a hydride generation system (VGA 76), respectively. All chemical analyses were done in accredited testing laboratories EL Ltd. in the city of Spišská Nová Ves. Fig. 2 shows the changes in concentrations of PTMs (As, Cd, Cu, Hg, Pb, Zn and Fe) in the studied gradient. The concentrations of PTMs indicate a clear trend in the gradient of rural -urban -rural soils. As can be seen from Fig. 2 , mainly the contents of typical "urban" metals Cu, Hg, Pb and Zn in soil decrease with increasing distance from the city centre. The soils in the city centre (zones V and VI) exhibit significantly elevated concentrations of PTMs when compared to the soils from rural areas (zones I and IX). The same trend is obtained for soil magnetic susceptibility values (Fig. 2) . Urban soils are an important sink for many PTMs, originating from different sources, including industrial wastes, emissions from motor vehicles, wastes from coal combustion and other anthropogenic (WONG et al. 2004; LU et al. 2009 ) who documented that concentrations of inorganic and organic contaminants within a given city were lower in soils from rural regions than in soils from highly urbanized regions. 
RESULTS AND DISCUSSION
ACTA ENVIRONMENTALICA UNIVERSITATIS COMENIANAE (BRATISLAVA) 2016, 24(1): 25-37
Very interesting are the concentrations of PTMs in soils of zone II, i.e. in the vicinity of technical glassworks, where leaded glass was produced in the past. This is demonstrated by elevated concentrations of Pb in the soils, as well as Cd and Fe. The anomaly in the form of increasing concentrations of Cd, Pb and Fe with increasing distance from the city centre was exhibited also by magnetic susceptibility values (Fig. 2) . Another anomaly in general trend of decreasing concentrations of PTMs with increasing distance from the city centre (zones V and VI) was observed for Fe and As in zone IX with the highest mean concentrations of both chemical elements in soils among the selected zones (Fig. 2) . This may be explained by long-term effects of petrochemical plant Slovnaft and waste incinerator on the pollution of the surrounding environment.
Notable is also the finding that soil contents of various PTMs (e.g. Cd, Cu, Hg and Zn) and magnetic susceptibility values are higher at SE end of the gradient across the city than at its NW end. This may be due to prevailing NW winds, meaning that the pollution moves from the city centre towards SE, and also due to different soil textures. Sandy soils occur mainly in NW part of Bratislava city, whereas finer, loamy soils are more common in SE part of the city. It is well-known from previous studies (VADJUNINA & BABANIN 1972; HANESCH & SCHOLGER 2005; YANG et al. 2015 ) that soils with the higher silt content and organic carbon content have usually also higher concentrations of PTMs and values of magnetic susceptibility in comparison to sandy soils.
The change in concentrations of PTMs in soils of different zones across urbanized area can be attributed to the distinct pollution sources and the history of urban land use. Additionally, atmospheric deposition of urban dust, containing elevated concentrations of PTMs, is one of the main sources for the accumulation of toxic metals in urban soils (LI et al. 2001; NG et al. 2003; NORRA & STUBEN 2003) . The effect of urban dust on the soil magnetic susceptibility values was studied at sites monitored for the content of solid particulates (PM 10 ) that are freely dispersed in the air (MALOVCOVÁ 2014) (Table 1) . Particulate matter PM 10 is defined as particles, from which 50% has an aerodynamic diameter less than 10 μm. Because of their large surface area, these particles produced by anthropogenic activities are effective adsorbents and accumulators of chemical pollutants like PTMs or organic compounds (e.g. polycyclic aromatic hydrocarbons and polychlorinated biphenyls) (TAN et al. 2006; MENICHINI et al. 2007; MURÁNSZKY et al. 2011 With respect to the low number of monitored sites for the content of PM 10 particles, the data in Table 1 are not sufficiently representative, nevertheless, they provide an approximate pattern about possible relationship between the content of PM 10 particles and the soil magnetic susceptibility. The relationship between the values of soil magnetic susceptibility and PM 10 content in air was significant with Pearson correlation coefficient of 0.90. Deposition of particulate matter of anthropogenic origin contains a high proportion (usually 5 -9 wt%) of strongly magnetic particles (ROBERTSON et al. 2003; KAPIČKA et al. 2004) .
Trnavské mýto belongs to crossroads with the highest traffic volume, corresponding also to the content of PM 10 particles (35.6 μg.m -3 ), which was the highest among the above mentioned monitored j.SI) than in soils at site Jeséniova. A complex pollution index, i.e. Tomlinson pollution load index (PLI) was calculated for all seven PTMs investigated in this work to assess the environmental quality of the soils (TOMLINSON et al. 1980) . Tomlinson pollution load index is defined as the n-th root of ratios between the actual concentration of a metal in soil (C n ) and the background concentration of the same metal in soil (B n ) (CF n = C n /B n ):
As the geochemical background of PTMs, their mean concentrations in C horizons of soils from Bratislava city were used and they were obtained from the database of Soil Geochemical Atlas of Slovakia (ČURLÍK & ŠEFČÍK 1999) . This pollution index is a measure of the overall toxicity of soil samples and results from the contribution of all seven PTMs. The values of PLI higher than 1.0 indicate deterioration in soil quality. As can be seen from Fig. 3a , there was a significant and positive relationship between the mean values of soil magnetic susceptibility and mean PLI values. The significant correlation (Fig. 3a) with the data shown in Fig. 2 suggest that measurements of magnetic properties in soils can be used as a rapid and cheap tool for the monitoring of soil pollution with potentially toxic elements caused by anthropogenic and industrial activities. The utilization of magnetic susceptibility measurements for tracing of pollution in urban soils with PTMs was also supported by strong correlations of magnetic susceptibility values to the contents of individual PTMs in soils (Table 2) . These findings are explained by the fact that PTMs adsorb preferentially on the external surface of ferrimagnetic grains, containing frequently a considerable amount of ferric oxyhydroxides (LU et al. 2008) . Magnetic components are admixed with other PTMs. Coexistence of PTMs with magnetic components present in soils can explain elevated concentrations of PTMs in surface soils of urbanized regions along the urban -rural gradient. Observed correlations of PLI values and PTM concentrations with magnetic susceptibility of the soils along NW-SE gradient in Bratislava city are consistent with the results from other cities of different countries in the world, e.g. Hangzhou, Shanghai and Kaifeng cities in China (LU & BAI 2006; HU et al. 2007; LIU et al. 2016) , Beni Mellal city in Morocco (EL BAGHDADI et al. 2012) , Mexico city (MORTON-BERMEA et al. 2009) or Wien in Austria (SIMON et al. 2013) . Additionally, according to the mean values of PLI (Fig. 3b) , the environmental quality of the soils is the worst in the city centre (zone V) and wider surrounding of the central zone (zone VI), whereas the soils of NW rural area (zone I) and residential areas (zone III and IV) have much better quality. 
CONCLUSION
This work showed that concentrations of PTMs (As, Cd, Cu, Hg, Pb, Zn and Fe) and magnetic susceptibilities in surface soils can change significantly along the urban -rural gradient in Bratislava city. Elevated concentrations of PTMs, mainly Hg, Pb and Zn, and higher values of magnetic susceptibility were found in the soils of highly urbanized areas of Bratislava city and they decrease with increasing distance from the city centre and adjacent sites. The enrichment of surface soils in PTMs in wider surrounding of the city centre is due to long-term urbanization and industrialization of these areas. Strongly significant correlation between Tomlinson pollution load index (PLI) and magnetic susceptibility values was found for soils polluted by PTMs. This type of correlation indicated the possibility of using magnetic measurements for simple and rapid indication of surface soil enrichment with potentially toxic metals. Therefore, the determination of magnetic susceptibility in soils can serve as an efficient "preliminary screening" method for the optimal selection of soil sampling sites and replace frequently used expensive and labour chemical analyses. From this reason, mapping of magnetic susceptibility of surface soils may also be used as a rapid method for the determination of the effect of urbanization on the pollution status of soils in relatively large areas.
